Cytochrome P450 (P450)-mediated metabolism of arachidonic acid regulates inflammation in hepatic and extrahepatic tissue. CYP2C/ CYP2J-derived epoxyeicosatrienoic and dihydroxyeicosatrienoic acids (EET؉DHET) elicit anti-inflammatory effects, whereas CYP4A/ CYP4F-derived 20-hydroxyeicosatetraenoic acid (20-HETE) is proinflammatory. Because the impact of inflammation on P450-mediated formation of endogenous eicosanoids is unclear, we evaluated P450 mRNA levels and P450 epoxygenase (EET؉DHET) and -hydroxylase (20-HETE) metabolic activity in liver, kidney, lung, and heart in mice 3, 6, 24, and 48 h after intraperitoneal lipopolysaccharide (LPS) (1 mg/kg) or saline administration. Hepatic Cyp2c29, Cyp2c44, and Cyp2j5 mRNA levels and EET؉DHET formation were significantly lower 24 and 48 h after LPS administration. Hepatic Cyp4a12a, Cyp4a12b, and Cyp4f13 mRNA levels and 20-HETE formation were also significantly lower at 24 h, but recovered to baseline at 48 h, resulting in a significantly higher 20-HETE/EET؉DHET formation rate ratio compared with that for saline-treated mice. Renal P450 mRNA levels and P450-mediated eicosanoid metabolism were similarly suppressed 24 h after LPS treatment. Pulmonary EET؉DHET formation was lower at all time points after LPS administration, whereas 20-HETE formation was suppressed in a time-dependent manner, with the lowest formation rate observed at 24 h. No differences in EET؉DHET or 20-HETE formation were observed in heart. Collectively, these data demonstrate that acute activation of the innate immune response alters P450 expression and eicosanoid metabolism in mice in an isoform-, tissue-, and time-dependent manner. Further study is necessary to determine whether therapeutic restoration of the functional balance between the P450 epoxygenase and -hydroxylase pathways is an effective anti-inflammatory strategy.
Introduction
In addition to their role in xenobiotic metabolism, cytochromes P450 (P450) metabolize numerous endogenous substrates, including steroids, hormones, and fatty acids, to biologically active mediators (Roman, 2002) . One such example is the oxidative metabolism of arachidonic acid to epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acids (HETEs). Olefin epoxidation of arachidonic acid to four EET regioisomers (5, 8, 11, and 14, is primarily catalyzed by CYP2C and CYP2J isoforms (Zeldin, 2001) . Soluble epoxide hydrolase (sEH) (Ephx2) rapidly hydrolyzes EETs to dihydroxyeicosatrienoic acids (DHETs), which, in general, are less biologically active. In contrast, -hydroxylation of arachidonic acid by CYP4A and CYP4F isoforms produces 20-HETE (Roman, 2002) .
EETs and 20-HETE regulate numerous biological processes, including vascular tone, angiogenesis, and the response to ischemia/ reperfusion injury (Zeldin, 2001; Roman, 2002; Deng et al., 2010) . Accumulating evidence has demonstrated that the P450 epoxygenase and -hydroxylase pathways also regulate inflammation. The EETs possess potent anti-inflammatory properties by attenuating cytokineinduced nuclear factor-B (NF-B) activation and leukocyte adhesion to the vascular wall (Node et al., 1999) . In contrast, 20-HETE activates NF-B signaling and induces expression of cellular adhesion molecules and cytokines, thereby promoting inflammation (Ishizuka et al., 2008) .
Because of the divergent effects of the P450 epoxygenase and -hydroxylase pathways in the regulation of inflammation, alterations in the functional balance between these parallel pathways may contribute to the pathogenesis and progression of inflammatory diseases, such as sepsis, cancer, and cardiovascular disease. Although it is well established that acute inflammatory stimuli suppress hepatic P450 expression via a pretranslational mechanism, thereby decreasing xenobiotic metabolism and clearance in preclinical models and humans (Morgan, 2001; Riddick et al., 2004; Morgan et al., 2008) , the effect on P450-mediated eicosanoid metabolism in hepatic and extrahepatic tissue has not been rigorously evaluated. Moreover, the biological properties of the P450 epoxygenase and -hydroxylase pathways in vivo are most commonly investigated in mouse models; however, the relative expression and function of each pathway across tissues in mice has not been well described to date. Therefore, we sought to characterize the 1) relative expression and metabolic activity of the P450 epoxygenase and -hydroxylase pathways across liver, kidney, lung, and heart in mice and the 2) impact of acute inflammation induced by systemic lipopolysaccharide (LPS) administration on P450 epoxygenase and -hydroxylase expression and metabolic activity in each tissue.
containing protease inhibitors. Liver and kidney homogenates were prepared from individual mice. Lung and heart homogenates were prepared from tissue pooled from two to four mice, because of the tissue size and low levels of P450 expression. Homogenates were centrifuged at 4°C at 2570g for 20 min and then at 10,300g for 20 min to remove cellular debris. The supernatants were then centrifuged at 100,000g at 4°C for 90 min. The resulting microsomal pellets were resuspended in 50 mM Tris-1 mM dithiothreitol-1 mM EDTA buffer (pH 7.5) containing 20% glycerol. Protein concentrations were quantified using a Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA), per the manufacturer's instructions.
Microsomal Incubations. Incubations contained 300 g (liver and kidney) or 350 g (lung and heart) of microsomal protein and 50 M (liver, kidney, and heart) or 150 M (lung) arachidonic acid in a 1-ml volume of 0.12 M potassium phosphate incubation buffer containing 5 mM magnesium chloride, as described previously (Poloyac et al., 2004) . In the presence of these saturating substrate concentrations, formation rates reflect the amount of metabolically active protein (Poloyac et al., 2004) . The limited amount of tissue precluded assessment of P450 epoxygenase and -hydroxylase activity in aorta. Reactions were initiated by the addition of 1 mM NADPH and were performed at 37°C for 20 min (liver and kidney) or 60 min (lung and heart). In lung and heart incubations, an additional 1 mM NADPH was added after 30 min. Incubations were performed at saturating concentrations of substrate, and metabolite formation was linear with respect to incubation time and microsomal protein, as determined from preliminary incubations. The reactions were stopped by placing the samples on ice, and 12.5 ng of 20-HETE-d 6 was added as an internal standard. Because of the high metabolite formation, liver incubations were diluted 20-fold in incubation buffer before addition of internal standard. Metabolites were extracted with diethyl ether, evaporated to dryness under nitrogen gas, and reconstituted in 80% methanol in deionized water for analysis.
UPLC-Tandem Mass Spectrometry. Arachidonic acid metabolites (14, 11, 8, 14, 11, 8, 5, in microsomal incubations and plasma were quantified by UPLC-tandem mass spectrometry as described previously (Miller et al., 2009 ). Analytes were separated on a UPLC BEH C-18, 1.7 m (2.1 ϫ 100 mm) reverse-phase column (Waters, Milford, MA) protected by a guard column (2.1 ϫ 5 mm; Waters). Mobile phases consisted of 0.005% acetic acid-5% acetonitrile in deionized water (A) and 0.005% acetic acid in acetonitrile (B) at an initial mixture of 65% A and 35% B. Mobile phase B increased from 35 to 70% in a linear gradient over 4 min and then increased to 95% over 0.5 min where it remained for 0.3 min. This was followed by a linear return to the initial conditions over 0.1 min with a 1.5-min preequilibration period before the next sample run.
Mass spectrometric analysis was performed with a TSQ Quantum Ultra (Thermo Fisher Scientific) triple quadrupole mass spectrometer coupled with heated electrospray ionization operated in negative selective reaction monitoring mode. Unit resolutions at both Q1 and Q3 were set at 0.70 full width at half-maximum. Quantitation by selective reaction monitoring analysis on EETs, DHETs, and HETEs was performed by monitoring their m/z transitions. Parameters were optimized to obtain the highest [M Ϫ H] Ϫ ion abundance and were as follows: capillary temperature 400°C, spray voltage 3000 V, and a source collision-induced dissociation set at 0 V. Sheath gas, auxiliary gas, and ion sweep gas pressures were set at 65, 55, and 3, respectively. Scan time was set at 0.01 s, and collision gas pressure was set at 1.3 mTorr. Analytical data were acquired and analyzed using Xcaliber software version 2.0.6 (Thermo Fisher Scientific). Metabolite concentrations were calculated from a standard curve and are expressed as formation rates (picomoles per milligram of protein per min).
Statistical Analysis. All data are expressed as the mean Ϯ S.E.M. The sum formation rate of all EET and DHET regioisomers was calculated and used as an index of total P450 epoxygenase metabolic activity. The functional balance between the P450 -hydroxylase and epoxygenase pathways was assessed by the ratio of 20-HETE to total EETϩDHET formation. Because the data were not normally distributed, mRNA and protein levels were transformed to ranks and metabolite formation rates were log-transformed before statistical analysis. Data from saline-treated mice at each time point were pooled to create a single control group for statistical comparisons. Data were analyzed by one-way analysis of variance followed by a post hoc Dunnett's test for comparison with dmd.aspetjournals.org the pooled saline control group. The relationship between P450 mRNA and protein levels and EETϩDHET or 20-HETE formation was evaluated by Spearman rank correlation. Statistical analysis was performed using SAS software (version 9.1.3; SAS Institute, Cary, NC). P Ͻ 0.05 was considered statistically significant.
Results
Induction of Cytokine Expression. Systemic LPS administration induced tumor necrosis factor-␣ (TNF-␣) expression in a time-dependent manner in all tissues examined, consistent with acute activation of the innate immune response (Fig. 1) . The most substantial increase was observed 3 and 6 h after LPS administration. TNF-␣ expression decreased over time but remained significantly elevated compared with that in saline-treated mice in most tissues at 48 h.
Liver. All P450 isoforms examined were expressed at high levels in liver, with Cyp2c29 and Cyp4a12a being the most abundant P450 epoxygenase and -hydroxylase, respectively ( Fig. 2A) . Hepatic Cyp2c29 (0.06 Ϯ 0.02), Cyp2c44 (0.18 Ϯ 0.03), and Cyp2j5 (0.34 Ϯ 0.06) mRNA levels were markedly suppressed 24 h after LPS administration (Fig. 2B) , with partial (Cyp2c29, 0.62 Ϯ 0.16; Cyp2c44, 0.69 Ϯ 0.22) or full (Cyp2j5, 1.00 Ϯ 0.25) restoration of the expression to basal levels at 48 h. Hepatic CYP2C and CYP2J protein expression was also significantly suppressed 24 h after LPS administration (P Ͻ 0.05 versus saline) (Supplemental Fig. 1) . At 48 h, CYP2C remained significantly suppressed, but CYP2J expression recovered to near-basal levels. Hepatic Cyp4a12a (0.47 Ϯ 0.06), Cyp4a12b (0.67 Ϯ 0.06), and Cyp4f13 (0.59 Ϯ 0.08) mRNA levels were also significantly suppressed, but to a lesser degree, 24 h after LPS administration and returned to basal levels by 48 h (Cyp4a12a, 0.79 Ϯ 0.22; Cyp4a12b, 1.21 Ϯ 0.37; Cyp4f13, 1.02 Ϯ 0.33). In contrast, Cyp4f16 mRNA levels were significantly higher 24 (4.56 Ϯ 0.62) and 48 (2.82 Ϯ 0.81) h after LPS administration compared with saline controls (Fig. 2C) . No significant alterations in CYP4A or CYP4F protein expression were observed (Supplemental Fig. 1) .
Total hepatic P450 epoxygenase metabolic activity was significantly lower 24 (173.9 Ϯ 15.7 pmol/mg protein/min) and 48 (295.4 Ϯ 18.8 pmol/mg protein/min) h after LPS administration compared with that for the saline control group (458.2 Ϯ 24.0 pmol/mg protein/min), whereas no differences were observed at 3 and 6 h (Fig. 2D) . Similar results were observed when each EETϩDHET regioisomer was evaluated individually (Supplemental Fig. 2A) . Total P450 epoxygenase metabolic activity was strongly correlated with hepatic Cyp2c29 (r ϭ 0.74, P Ͻ 0.001), Cyp2c44 (r ϭ 0.65, P Ͻ 0.001), and Cyp2j5 (r ϭ 0.56, P Ͻ 0.001) mRNA levels, as well as CYP2C (r ϭ 0.50, P ϭ 0.006) and CYP2J (r ϭ 0.37, P ϭ 0.056) protein levels. Compared with saline-treated mice (286.7 Ϯ 11.2 pmol/mg protein/ min), 20-HETE formation was also significantly lower 24 h (180.8 Ϯ 17.8 pmol/mg protein/min) after LPS administration, but returned to basal levels at 48 h (305.5 Ϯ 11.7 pmol/mg protein/min) (Fig. 2D) . No significant differences in hepatic 20-HETE formation were observed 3 or 6 h after LPS administration. 20-HETE formation was significantly correlated with hepatic Cyp4a12b mRNA levels (r ϭ 0.51, P ϭ 0.002).
Kidney. Cyp2j5 and Cyp4a12a were the most abundant P450 epoxygenase and -hydroxylase in kidney, respectively, whereas Cyp2c29 mRNA was undetectable (Fig. 3A) . Renal Cyp2c44 mRNA levels were significantly suppressed 3 (0.64 Ϯ 0.06), 6 (0.56 Ϯ 0.03), and 24 (0.26 Ϯ 0.03) h after LPS administration but returned to baseline at 48 h (1.04 Ϯ 0.11). A similar profile was observed for Cyp2j5, but Cyp2j5 was suppressed to a lesser degree (Fig. 3B) , and Cyp2j5 and (C) Cyp4a12a, Cyp4a12b, Cyp4f13, and Cyp4f16 mRNA levels was quantified by qRT-PCR and expressed relative to that for the saline control group [saline (pooled), n ϭ 20; LPS 3 h, n ϭ 6, LPS 6 h, n ϭ 6; LPS 24 h, n ϭ 15; LPS 48 h, n ϭ 6]. D, effect of LPS administration on total P450 epoxygenase (EETsϩDHETs) and -hydroxylase (20-HETE) metabolic activity in liver microsomes was determined [saline (pooled), n ϭ 12; LPS 3 h, n ϭ 4; LPS 6 h, n ϭ 4; LPS 24 h, n ϭ 12; LPS 48 h, n ϭ 6]. ‫,ء‬ P Ͻ 0.05 versus saline control group.
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Total P450 epoxygenase metabolic activity was significantly lower in kidney microsomes 24 h (13.2 Ϯ 0.7 pmol/mg protein/min) after LPS administration, compared with that for the saline control group (18.7 Ϯ 1.6 pmol/mg protein/min). Formation of the 14,15-and 11,12-but not of the 8,9-or 5,6-regioisomers was significantly lower 24 h after LPS administration (Supplemental Fig. 2B ). At 48 h, total EETϩDHET formation was returning to basal levels (14.7 Ϯ 1.4 pmol/mg protein/min; P ϭ 0.12 versus saline) (Fig. 3D) . Likewise, renal 20-HETE formation was significantly lower in LPS-treated mice at 24 h (15.3 Ϯ 1.9 pmol/mg protein/min), compared with that for the saline control group (32.5 Ϯ 6.7 pmol/mg protein/min), but was recovering toward baseline at 48 h (22.2 Ϯ 4.9 pmol/mg protein/min; P ϭ 0.45 versus saline) (Fig. 3D) . No significant differences in renal EETϩDHET or 20-HETE formation were observed 3 or 6 h after LPS administration. A significant correlation between total P450 epoxygenase and -hydroxylase metabolic activity and renal Cyp2j5 (r ϭ 0.42, P ϭ 0.012) and Cyp4a12a mRNA levels (r ϭ 0.55, P Ͻ 0.001), respectively, was observed.
Lung. Cyp2j9 was the most abundant P450 epoxygenase isoform expressed in lung (Fig. 4A ). Cyp2j9 and Cyp2c44 mRNA levels were significantly lower in LPS-treated mice at 3, 6, 24, and 48 h (P Ͻ 0.05 versus saline) (Fig. 4B) . Cyp2j5 also appeared to be suppressed at 24 h (0.20 Ϯ 0.05; P ϭ 0.11); however, because of substantial interanimal variability, these differences were not statistically significant (Fig.  4B) . After LPS administration, Cyp4a12a, Cyp4a12b, Cyp4f13, and Cyp4f16 mRNA levels were significantly lower at almost every time point, although Cyp4f16 returned to basal levels at 48 h (Fig. 4C) .
Compared with saline-treated mice (54.1 Ϯ 5.2 pmol/mg protein/ min), total P450 epoxygenase metabolic activity in lung microsomes was lower, but not statistically significant, 3 (35.8 Ϯ 3.0 pmol/mg protein/min, P ϭ 0.063), 6 (38.4 Ϯ 7.3 pmol/mg protein/min, P ϭ , not detected; n ϭ 20 for detected isoforms; n ϭ 3 for undetectable isoforms) and normalized to GAPDH. The time-dependent effect of LPS administration (1 mg/kg i.p.) on renal (B) Cyp2c44 and Cyp2j5 and (C) Cyp4a12a, Cyp4a12b, Cyp4f13, and Cyp4f16 mRNA levels was quantified by qRT-PCR and expressed relative to that for the saline control group [saline (pooled), n ϭ 20; LPS 3 h, n ϭ 6; LPS 6 h, n ϭ 6; LPS 24 h, n ϭ 15; LPS 48 h, n ϭ 6]. D, effect of LPS administration on total P450 epoxygenase (EETsϩDHETs) and -hydroxylase (20-HETE) metabolic activity in kidney microsomes was determined [saline (pooled), n ϭ 9; LPS 3 h, n ϭ 6; LPS 6 h, n ϭ 6; LPS 24 h, n ϭ 9; LPS 48 h, n ϭ 6]. ‫,ء‬ P Ͻ 0.05 versus saline control group. A, relative abundance of pulmonary P450 mRNA was quantified in saline-treated mice (n ϭ 23 for detected isoforms; n ϭ 3 for undetectable isoforms) and normalized to GAPDH. The time-dependent effect of LPS administration (1 mg/kg i.p.) on pulmonary (B) Cyp2c44, Cyp2j5, and Cyp2j9 and (C) Cyp4a12a, Cyp4a12b, Cyp4f13, and Cyp4f16 mRNA levels was quantified by qRT-PCR and expressed relative to that for the saline control group [saline (pooled), n ϭ 23; LPS 3 h, n ϭ 9; LPS 6 h, n ϭ 9; LPS 24 h, n ϭ 18; LPS 48 h, n ϭ 6]. D, effect of LPS administration on total P450 epoxygenase (EETsϩDHETs) and -hydroxylase (20-HETE) metabolic activity in lung microsomes (n ϭ 2 mice/microsome preparation) was determined [saline (pooled), n ϭ 6, LPS 3 h, n ϭ 4; LPS 6 h, n ϭ 3; LPS 24 h, n ϭ 6; LPS 48 h, n ϭ 3]. ‫,ء‬ P Ͻ 0.05 versus saline control group. N.D., not detected.
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at ASPET Journals on June 26, 2017 dmd.aspetjournals.org 0.171), and 24 (38.7 Ϯ 3.7 pmol/mg protein/min, P ϭ 0.094) h after LPS treatment, whereas EETϩDHET formation was significantly lower at the 48-h time point (28.9 Ϯ 2.2 pmol/mg protein/min, P ϭ 0.008) (Fig. 4D) . Similar time-dependent changes in metabolism were observed for each regioisomer (Supplemental Fig. 2C ). 20-HETE formation was significantly lower 6 (12.8 Ϯ 5.9 pmol/mg protein/ min) and 24 (9.4 Ϯ 1.5 pmol/mg protein/min) h after LPS administration, compared with that for the saline control group (23.1 Ϯ 1.4 pmol/mg protein/min), whereas no differences were observed at 3 or 48 h (Fig. 4D) . No significant correlations between total P450 epoxygenase metabolic activity and Cyp2c44, Cyp2j5, or Cyp2j9 mRNA levels were observed. However, 20-HETE formation significantly correlated with pulmonary Cyp4a12a (r ϭ 0.47, P ϭ 0.026), Cyp4a12b (r ϭ 0.46, P ϭ 0.030), and Cyp4f13 (r ϭ 0.46, P ϭ 0.033) mRNA levels. Heart/Aorta. Overall, myocardial P450 mRNA levels were low, with Cyp4f13 and Cyp4f16 being the most abundant isoforms. Of the P450 epoxygenases examined, only Cyp2c44 was expressed at detectable levels (Fig. 5A) . The P450 expression profile in aorta was similar; however, Cyp2c29 mRNA was expressed at detectable levels, and Cyp2c44 and Cyp4f13 mRNA levels were approximately 10-fold higher in aorta compared with heart (Supplemental Table 1 ). Myocardial Cyp2c44 mRNA levels were significantly lower 3 and 6 h after LPS administration (P Ͻ 0.05 versus saline) (Fig. 5B) . Although it remained significantly suppressed at 24 h (0.51 Ϯ 0.14), Cyp2c44 seemed to be returning to basal levels, with full recovery observed at 48 h (0.78 Ϯ 0.13). In aorta, Cyp2c29 (0.38 Ϯ 0.12, P ϭ 0.128) and Cyp2c44 (0.26 Ϯ 0.06, P ϭ 0.128) mRNA appeared to be suppressed 24 h after LPS administration, relative to that for saline-treated mice, but this difference was not statistically significant because of substantial interanimal variability. In heart, both Cyp4f13 and Cyp4f16 mRNA levels were significantly lower in LPS-treated mice at 3 h, but significantly higher at 24 and 48 h (P Ͻ 0.05 versus saline) (Fig. 5C) . Likewise, Cyp4f13 and Cyp4f16 mRNA levels in aorta were significantly higher in LPS-treated mice at 24 (Cyp4f13, 1.48 Ϯ 0.12; Cyp4f16, 3.65 Ϯ 0.44; P Ͻ 0.05 versus saline) and 48 h (Cyp4f13, 1.93 Ϯ 0.18; Cyp4f16, 3.30 Ϯ 0.61; P Ͻ 0.05 versus saline).
Total P450 epoxygenase metabolic activity (3.97 Ϯ 0.44 pmol/mg protein/min) was approximately 8-fold higher than P450 -hydroxylase activity (0.51 Ϯ 0.04 pmol/mg protein/min) in heart microsomes under basal conditions (Fig. 5D) . Compared with saline, no significant differences in EETϩDHET or 20-HETE formation were observed 24 h after LPS administration. Although EETϩDHET formation appeared to be lower and 20-HETE formation appeared to be higher 48 h after LPS administration, the limited sample size (n ϭ 2 incubations) at 48 h precluded statistical comparisons.
Ephx2 Expression. Ephx2 was abundantly expressed in all tissues examined. In liver, kidney, and lung, Ephx2 mRNA levels were similar to those for the P450 isoforms examined. In contrast, Ephx2 was approximately 100-and 10-fold more abundant than Cyp4f13 in heart and aorta, respectively (Supplemental Table 1 ). Tissue-specific alterations in Ephx2 expression were observed after LPS administration (Fig. 6) . In liver, kidney, and lung, Ephx2 expression was suppressed by 30 to 80% 6 to 48 h after LPS administration, relative to the saline control. In contrast, no differences were observed in heart, and Ephx2 mRNA levels were significantly higher in aorta at 48 h (2.57 Ϯ 0.49, P Ͻ 0.05 versus saline).
Functional Balance between P450 Epoxygenase and -Hydroxylase Pathways across Tissues. Under basal conditions, hepatic EETϩDHET formation was higher than 20-HETE formation, resulting in a 20-HETE/EETϩDHET formation rate ratio of 0.64 Ϯ 0.03 in saline-treated mice (Fig. 7A) . A similar 20-HETE/EETϩDHET formation rate ratio was observed in lung (0.45 Ϯ 0.06) (Fig. 7C) 
) on myocardial (B)
Cyp2c44 and (C) Cyp4f13 and Cyp4f16 mRNA levels was quantified by qRT-PCR and expressed relative to that for the saline control group [saline (pooled), n ϭ 24; LPS 3 h, n ϭ 9; LPS 6 h, n ϭ 9; LPS 24 h, n ϭ 18; LPS 48 h, n ϭ 6]. D, effect of LPS administration on total P450 epoxygenase (EETsϩDHETs) and -hydroxylase (20-HETE) metabolic activity in heart microsomes (n ϭ 3-4 mice/microsome preparation) was determined [saline (pooled), n ϭ 4; LPS 24 h, n ϭ 4; LPS 48 h, n ϭ 2]. ‫,ء‬ P Ͻ 0.05 versus saline control group. N.D., not detected. mRNA levels in liver, kidney, lung, heart, and aorta was quantified by qRT-PCR and expressed relative to that for the saline control group [saline (pooled), n ϭ 18 -24; LPS 3 h, n ϭ 6 -9; LPS 6 h, n ϭ 6 -9; LPS 24 h, n ϭ 15-18; LPS 48 h, n ϭ 6]. ‫,ء‬ P Ͻ 0.05 versus saline control group.
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at ASPET Journals on June 26, 2017 dmd.aspetjournals.org heart (0.13 Ϯ 0.02) (Fig. 7D) , indicative of higher P450 epoxygenase metabolic activity relative to P450 -hydroxylase metabolic activity. In contrast, the renal ratio of P450 -hydroxylase to P450 epoxygenase metabolic activity was 1.69 Ϯ 0.25 (Fig. 7B ) because of higher 20-HETE compared with EETϩDHET formation under basal conditions in kidney. After LPS stimulation, the hepatic 20-HETE/EETϩDHET formation rate ratio was significantly greater at 24 (1.02 Ϯ 0.06) and 48 (1.05 Ϯ 0.06) h compared with that in saline-treated mice (Fig. 7A) . Although the ratio of P450 -hydroxylase to P450 epoxygenase metabolic activity in heart appeared higher 48 h after LPS treatment (0.23 Ϯ 0.06), the limited sample size precluded formal statistical comparisons (Fig. 7D) . In contrast, the pulmonary 20-HETE/ EETϩDHET formation rate ratio was significantly lower at 24 h (0.24 Ϯ 0.02) compared with that for saline-treated mice (Fig. 7C) . In kidney, no significant differences in the ratio of P450 -hydroxylase to P450 epoxygenase metabolic activity were observed after LPS treatment (Fig. 7B) , which remained greater than 1.0 at all time points.
Compared with those in saline-treated mice, plasma 14,15-DHET levels were significantly higher 6 h after LPS administration; however, no differences in DHET levels were observed at 3, 24, or 48 h (Supplemental Fig. 2E ). Plasma EETs and 20-HETE were below the limit of detection in the majority of mice (data not shown).
Discussion
Although it is well established that acute inflammatory stimuli suppress hepatic P450 expression and xenobiotic metabolism, the effect on P450-mediated eicosanoid metabolism in hepatic and extrahepatic tissues has not been characterized to date. To our knowledge, this is the first study demonstrating that acute activation of the innate immune response alters P450 epoxygenase and -hydroxylase metabolic activity in mice through pretranslational regulation of P450 expression and disrupts the functional balance between these parallel pathways in a tissue-and time-dependent manner. Collectively, these findings suggest that alteration of P450-mediated eicosanoid metabolism is an important consequence of the acute inflammatory response in vivo.
Under basal conditions, P450 epoxygenase and -hydroxylase metabolic activity in liver was approximately 10-to 20-fold greater than that in kidney and lung and 100-fold greater than that in heart. In contrast to levels in the other tissues examined, P450 mRNA levels in heart and aorta were low, with Cyp4f13 and Cyp4f16 being the most abundant isoforms. Myocardial EETϩDHET formation was approximately 8-fold higher than 20-HETE formation despite the high levels of Cyp4f13 and Cyp4f16, suggesting that these isoforms play a minor role in 20-HETE biosynthesis.
Consistent with previous studies in human hepatocyte culture (Abdel-Razzak et al., 1993) and in rodents (Sewer et al., 1996; Barclay et al., 1999) , hepatic P450 epoxygenase mRNA, protein, and metabolic activity was suppressed 24 h after LPS treatment, with partial (CYP2C) or full (CYP2J) restoration to basal levels at 48 h. The correlation between time-dependent changes in hepatic Cyp2c29, Cyp2c44, and Cyp2j5 mRNA levels and epoxygenase metabolic activity support the hypothesis that inflammation-mediated alterations in P450 metabolism are mediated primarily via pretranslational regulation of P450 expression (Morgan et al., 2008) . Although Cyp2c29, Cyp2c44, and Cyp2j5 catalyze the formation of individual EET regioisomers in different proportions (Luo et al., 1998; Ma et al., 1999; DeLozier et al., 2004) , the collective suppression of all EETϩDHET regioisomers is consistent with the regioisomer profiles for these isoforms.
In contrast to the majority of P450s, hepatic CYP4A and CYP4F isoforms may be induced by inflammation, although this seems to be isoform-and species-specific (Sewer et al., 1996; Barclay et al., 1999; Kalsotra et al., 2003; Anwar-mohamed et al., 2010) . The temporal profiles of hepatic Cyp4a12a, Cyp4a12b, and Cyp4f13 mRNA levels were similar to that for 20-HETE formation, which was also suppressed at 24 h, but to a lesser degree than EETϩDHET formation. The significantly higher 20-HETE/EETϩDHET formation rate ratio at 24 and 48 h suggests that after systemic activation of the innate immune response, the functional balance in liver is tipped in favor of the proinflammatory P450 -hydroxylase pathway.
Consistent with previous findings in rats (Anwar-mohamed et al., 2010) , LPS suppressed renal Cyp2c44 and Cyp2j5 expression and epoxygenase metabolic activity, which correlated with Cyp2j5 mRNA levels. This result suggests that the mechanism is pretranslational and that Cyp2j5 is primarily responsible for renal EET formation. We observed lower Cyp4a12a but higher Cyp4a12b, Cyp4f13, and Cyp4f16 mRNA levels in kidney after LPS administration. Renal Cyp4a10 mRNA levels were also higher 24 and 48 h after LPS administration (data not shown), which is consistent with previous reports (Barclay et al., 1999) . However, Cyp4a10 does not readily catalyze 20-HETE formation (Muller et al., 2007) . Renal P450 -hydroxylase activity was suppressed at 24 h and significantly correlated with Cyp4a12a mRNA levels, suggesting that Cyp4a12a is primarily responsible for renal 20-HETE formation. In contrast to the other tissues examined, P450 -hydroxylase metabolic activity predominated under both basal and LPS-stimulated conditions, indicating that inhibition of 20-HETE biosynthesis may be a rational therapeutic strategy to attenuate renal inflammation.
In lung, our findings are consistent with studies demonstrating lower pulmonary CYP2C and CYP2J expression and epoxygenase metabolic activity in rat models of sepsis (Cui et al., 2004) and Pseudomonas pneumonia (Yaghi et al., 2003 (Yaghi et al., , 2004 , providing further evidence that suppression of pulmonary EET formation is a key component of the pathological response to inflammation. lung, and (D) heart microsomes. Saline, n ϭ 4 -12; LPS 3 h, n ϭ 4-6; LPS 6 h, n ϭ 3-6; LPS 24 h, n ϭ 4 -12; LPS 48 h, n ϭ 2-6. ‫,ء‬ P Ͻ 0.05 compared with saline-treated mice.
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EETϩDHET formation rate ratio were significantly lower 24 h after LPS administration, suggesting that the functional balance was shifted in favor of the anti-inflammatory P450 epoxygenase pathway. Although this could serve as a compensatory mechanism to facilitate resolution of the inflammatory response, additional studies are necessary to dissect the role of P450-mediated EET and 20-HETE biosynthesis in the regulation of pulmonary inflammation. A recent study demonstrated that myocardial P450 epoxygenase activity was significantly suppressed, whereas P450 -hydroxylase activity was induced after LPS administration in rats (Anwarmohamed et al., 2010) . Although we observed no significant changes in P450 epoxygenase or -hydroxylase metabolic activity, the low arachidonic acid-metabolizing capacity of mouse heart limited our sample size. Further studies are needed to characterize the effect of inflammation on myocardial P450 epoxygenase and -hydroxylase metabolic activity.
Plasma EETs and 20-HETE were below the limit of detection in the majority of mice, consistent with previous reports (Schmelzer et al., 2005; Kubala et al., 2010) . Plasma DHET levels appeared modestly elevated 6 h after LPS administration, consistent with previous studies (Schmelzer et al., 2005; Fife et al., 2008; Kubala et al., 2010) ; however, only elevation of 14,15-DHET was statistically significant. Of importance, the primary source of circulating EET, DHET, and 20-HETE levels in plasma has not been determined. A recent study demonstrated that LPS-induced elevations in plasma DHETs were attenuated in myeloperoxidase-deficient [Mpo(Ϫ/Ϫ)] mice, suggesting that lipid peroxidation by reactive oxygen species may serve as a P450-independent source of circulating eicosanoids (Kubala et al., 2010) . Furthermore, because EETs and 20-HETE circulate at levels Ͻ1.0 ng/ml, it has been hypothesized that these mediators act predominantly in a paracrine manner (Roman, 2002) . Our data demonstrate that systemic activation of the innate immune response significantly alters the formation of EETs and 20-HETE in tissue. Further studies to characterize the functional consequences of these local effects remain necessary.
It is believed that the primary mechanism by which P450 expression is down-regulated in response to LPS is cytokine-mediated suppression of gene transcription. However, identification of the specific nuclear receptors that mediate these effects has remained elusive (Morgan, 2001; Riddick et al., 2004; Morgan et al., 2008) . For example, an initial study suggested that LPS-mediated alteration of hepatic and renal P450 expression was mediated by peroxisome proliferator-activated receptor-␣ (Barclay et al., 1999) . However, subsequent experiments have demonstrated that LPS-mediated downregulation of hepatic P450 expression is independent of peroxisome proliferator-activated receptor-␣, pregnane X receptor, and signal transducer and activator of transcription-1 (Pan et al., 2003; Richardson and Morgan, 2005) . Although we did not directly investigate the mechanism by which LPS alters P450 expression and metabolic activity, the observed isoform-and tissue-specific response suggests that the mechanism is complex and most likely involves multiple transcription factors that vary across isoforms and tissues. Moreover, the time-dependent changes observed further suggest a multifactorial mechanism. In addition, multiple murine P450 isoforms catalyze EET and 20-HETE formation, further complicating the ability to identify a single factor that underlies the net impact of the inflammatory response on P450-mediated eicosanoid metabolism in each tissue. Further studies are necessary to dissect these complex mechanisms.
P450-derived EETs possess anti-inflammatory properties via inhibition of NF-B activation (Node et al., 1999) , whereas 20-HETE activates NF-B signaling and elicits proinflammatory effects (Ishizuka et al., 2008) . These opposing effects on the regulation of inflammation suggest that inflammation-induced alterations in the functional balance between these parallel pathways may contribute to the pathologic consequences of the inflammatory response. A limitation of the current work is that we did not directly demonstrate that potentiation of the P450 epoxygenase pathway and/or inhibition of the P450 -hydroxylase pathway attenuates the acute inflammatory response to LPS in each tissue. However, our findings provide an important foundation to guide future studies evaluating these therapeutic strategies, particularly in tissues in which inflammatory stimuli tip the functional balance in favor of P450-mediated 20-HETE biosynthesis, such as liver. Indeed, the liver is the predominant source of cytokine production and drives the systemic inflammatory response, as observed during sepsis, via subsequent activation of extrahepatic inflammation and multiorgan dysfunction (Szabo et al., 2002) . Inhibition of sEH-mediated EET hydrolysis has potent anti-inflammatory effects, including attenuation of endotoxemia-induced hypotension and mortality (Schmelzer et al., 2005; Luria et al., 2007; Liu et al., 2009) . In contrast, a recent study demonstrated that LPS-induced hepatic inflammation was not attenuated in Ephx2(Ϫ/Ϫ) mice or by sEH inhibition (Fife et al., 2008) . Although the mechanisms underlying these conflicting findings remain unclear, our data suggest that dual inhibition of 20-HETE biosynthesis and sEH-mediated EET hydrolysis may be a more effective means to attenuate hepatic inflammation. Further studies are necessary to evaluate these therapeutic strategies in disease models of local and systemic inflammation.
In conclusion, our findings demonstrate that acute activation of the inflammatory response with LPS alters P450 epoxygenase and -hydroxylase expression and metabolic activity in a tissue-, isoform-, and time-dependent manner. These results highlight the relative differences in P450-mediated eicosanoid metabolism across tissues under basal and inflammatory conditions and lay an important foundation to guide future studies that seek to determine whether therapeutic restoration of the functional balance between the P450 epoxygenase and -hydroxylase pathways is an effective anti-inflammatory strategy in vivo.
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